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Abstract 
 Primary memory impairments associated with increased level of amyloid-beta (Аβ) in the 
brain have been shown to be linked, partially, with early pathological changes in the 
entorhinal cortex (EC) which spread on the whole limbic system. While the hippocampus is 
known to play a key role in learning and memory mechanisms, it is as yet unclear how its 
structures are involved in the EC pathology. In this study, changes in memory and neuronal 
morphology in male Wistar rats intrahippocampally injected with Аβ25–35 were correlated on 
days 14 and 45 after the injection to reveal specific cognitive - structural associations. The 
main focus was on the dentate gyrus (DG) and hippocampal areas of CA1 and CA3 because 
of their involvement in afferent flows from EC to the hippocampus through tri-synaptic (EC  
DG  CA3  CA1) and/or mono-synaptic (EC  CA1) pathways. Evident memory 
impairments were observed at both time points after Аβ25–35 injection. However, on day 14, 
populations of morphological intact neurons were decreased in CA3 and, drastically, in CA1, 
and the DG supramedial bundle was significantly damaged. On day 45, this bundle largely 
and СА1 neurons partially recovered, whereas CA3 neurons remained damaged. We 
suggest that Аβ25–35 primarily affects the tri-synaptic pathway, destroying the granular cells in 
the DG supramedial area and neurons in CA3 and, through the Schaffer collaterals, in CA1. 
Intrahippocampal pretreatment with hydrated fullerene С60 allows the neurons and their 
connections to survive the amyloidosis, thus supporting the memory mechanisms. 
 
Key words: hippocampus; CA1; CA3; dentate gyrus; neurodegeneration; Alzheimer's 
disease 
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1. Introduction  
 Spatial orientation and memory in rodents are associated with the structural and functional 
organization of the hippocampus [1]. The "spatial map" in the hippocampus has been 
proposed to allow the estimation of movement direction and the calculation of the distance 
between objects in the environment [2]. At the neuronal level, the "maps" are organized by 
specific distribution of neuronal nets analyzing and integrating spatial landmarks. The 
specificity both of various hippocampal areas - CA1, CA3, and dentate gyrus (DG) - which 
differ in their sensitivity to disturbing factors, and of their connections, are of particular 
interest. Amyloid-beta (Aβ) peptides, an Alzheimer's disease (AD) hallmark, are one of such 
factors. The soluble Aβ oligomers in AD patients have been shown to consist of Aβ1–40 or 
Aβ1–42 [3] and Aβ25–35, which is generated by enzymatic cleavage of Aβ1–40 [4]. Interest in 
Aβ25–35 is associated with its capability to disturb neurons, and their functions, synaptic 
plasticity, and memory [5]. Substantial impairments in spatial orientation and memory were 
observed in a rat model of AD with intracerebral injection of Aβ25-35 [6], [7]. In studies 
evaluating Aβ -induced memory disturbances in rodents, protective effects of fullerene C60-
type nano-compounds with anti-oxidative and anti-aggregative activities were revealed [8]. 
Intrahippocampal injection of a hydrated fullerene C60 (С60HyFn) improved the spatial 
memory in rats with disturbed peptide synthesis [9], whereas carboxy-fullerene, did the same 
in old mice [10]. С60HyFn has been shown to protect spatial memory from Aβ25-35-induced 
toxicity in rats [11] and to activate long-term potentiation (LTP) [12]. 
 An analysis of primary vs. secondary Aβ25-35 effects on learning/memory and neuronal 
morphology in different brain areas might be a universal approach for the evaluation of 
changes in the neuronal networks involved in the amyloidogenic pathology [13]. Two main 
afferent pathways (tri-synaptic: EC  DG  CA3  CA1, and monosynaptic: EC  CA1) 
connect the entorhinal cortex, closely associated with the early/primary memory disturbances 
in AD [3], [14], with the hippocampus. Which of them might be predominantly involved in the 
Aβ25-35 neurotoxic effects on memory mechanisms?  
 Recently, we have shown that after intrahippocampal injection of Aβ25-35, its cytoplasm 
deposits in pyramidal neurons were visible on day 14, in spite of immediate and long-lasting 
decrease of protein synthesis [15]. Disturbances in behavioral, physiological, biochemical and 
morphological characteristics in rats were observed even six weeks after injection of Aβ25-35 
into cerebral ventricles [16] while its toxicity has been shown to be eliminated by С60HyFn 
pretreatment [17]. Peculiarities of cortical-hippocampal nets involvement in the long-term 
effects of enhanced Aβ level in the brain and in their treatment with С60HyFn are the main 
targets in this study. 
 
2. Materials and Methods 
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2.1 Animals 
 Ninety eight male Wistar rats (290-330 g), bred at the AAALAC accredited Pushchino 
Animal Breeding Facility (Russia) from colonies obtained as a courtesy from Harlan UK Ltd., 
were used in this study. The animals were kept in a standard regime, with food and water ad 
libitum and a 12-h/12-h day/night cycle. The procedures were carried out in accordance with 
the principles enunciated in the Guide for Care and Use of Laboratory Animals, NIH 
publication No 85-23, and approved by IACUC of the Institute of Cell Biophysics. 
 
2.2. Intrahippocampal infusions  
 Anesthesia was induced with subcutaneous (s.c.) injection of tiletamine/zolazepam 
(Zoletil®, Virbac, France) in combination with xylazine (Rometar®, Bioveta, Czech Republic) 
at doses of 25 mg/kg and 1 mg/kg, respectively. Saline, C60HyFn (at 0.5 nmol/µl), Aβ35-25, and 
Aβ25-35 protein (Sigma, USA, at 2 nmol/µl), in volumes of 1.5–2.0 µl, were slowly infused (for 
~2 min) symmetrically into hippocampal CA1 areas (AP −3.8, L 2.5, H 3.5) [18]. These areas 
have been shown in our previous study to be preferential target for Aβ25-35 injected into the 
brain lateral ventricles [15]. Moreover, CA1 areas seem to be specifically sensitive to Aβ25-35 
as greatly delayed pathological changes in CA1 vs. CA3 were observed after intoxication of 
CA1 with kainate [19]. Fullerene C60HyFn was obtained courtesy of Dr. G. Andrievsky who 
developed this highly stable water-soluble form of the fullerene C60 (MER Corp, USA) [20]. A 
temporarily inserted guide cannula (blunt stainless steel needle, 0.8 mm inner diameter) with 
flexible silastic tubing attached to a 5-µl Hamilton syringe was used for the infusion. The 
needle was kept in place for 3 min before withdrawal. Before injection of Aβ25-35, aliquots 
were defrosted and incubated at 37oC for two days to aggregate the protein into fibrils [21] 
that were assessed by electron microscopy (х50000). The cannula tip positions were verified 
post mortem in paraffin hippocampal slices of 40 µm in thicknesses, which were stained with 
cresyl violet (Sigma-Aldrich, St. Louis, USA). Five groups of rats with two intrahippocampal 
injections (2 h apart) were studied. They were arbitrarily allocated to Saline + Saline and 
Saline + Аβ35-25 (as controls, n = 22 and 9), Saline + Аβ25-35, C60HyFn + Saline, and C60HyFn 
+ Аβ25-35 (n = 27, 12, and 28, respectively). Recently, we have shown that two weeks after 
intrahippocampal injections of the fullerene or saline, no morphologically visible injuries of the 
brain tissue were observed [17]. Given these, in our present study, a simplified (rough) 
morphological examination was only performed to exclude an accidental damage of the 
hippocampus during manipulations with the cannula. 
 
2.3 Spatial discrimination testing 
 Two weeks after intrahippocampal injections, the learning/memory abilities of the rats 
were tested with the Morris water maze paradigm [22] in a circular water pool (diameter, 150 
cm; height, 80 cm), filled to a depth of 50 cm with water (25oC) made opaque with powdered 
 
5 
milk. On Day 13, the locomotor ability of each rat was evaluated by the latency of their 
reaching a visible platform (5 cm above the water surface, 9 cm in diameter) located in one of 
quadrants. This task provided a measure of basic swimming ability to escape from water and 
required no searching, hence no learning, ensuring that all animals used in the study were 
initially equivalent across groups prior to further trials in learning and memory tasks [23].  
 On Days 14 and 21, the rats from different groups (Saline + Saline, Saline + Аβ35-25, Saline 
+ Аβ25-35, and C60HyFn + Аβ25-35; n = 7, 9, 12, and 13, respectively) were trained over 4 trials 
to reach the platform that was submerged 0.5 cm below the surface and invariably located in 
one of the pool's quadrants (Session I). The animals were allowed a maximum of three 
minutes to find the platform followed by a 20-s rest period, once on the platform, before being 
dried and relocated into the home cage. An unsuccessful rat was gently redirected to the 
platform after exceeding the exploratory time limit. On Day 21, one hour after the 
training/learning session was complete, a 60-s probe trial, with the platform temporarily 
removed from the pool, was given to assess the short-term memory, retaining spatial 
information about the target quadrant. To assess the long-term memory the second probe 
trial was performed two days (48 hrs) later. Escape latency in the training sessions and total 
time spent in the target quadrant (during the probe trial) were computed using an in-house 
developed video tracking system with a digital camera (Logitech QuickCam 3000, 800x600 
pixels, 15 fps) located 2.5 m above the pool. On Days 28, 35, and 42, the rats experienced a 
reversal learning (Sessions II, III, and IV, respectively) of 4 trials with the hidden platform in 
another quadrant, individually for each rat across the days. Both probe trials (1.0 h and 48 hrs 
after the training trials) and 5-day resting intervals were included in the protocol of these 
sessions as well. The resting for several days allows analyzing the animal's capability to 
develop some kind of "episodic" memory associated with retaining spatial information in the 
interval between the consecutive sessions. The mechanism activated by this assay seems to 
be involved in rapid "one-trial learning" closely associated with synaptic plasticity [24]. 
 
2.4 Morphological and histochemical evaluations of neuronal viability  
 In additional groups of Saline + Saline, Saline + Aβ25-35, C60HyFn + Saline, and 
C60HyFn+Aβ25-35 (n = 12, in each group), we evaluated the distribution of morphologically 
intact pyramidal neurons in hippocampal slices on Day 14 and Day 45. Aβ25-35 was chosen 
since this peptide, usually used in a synthetic form, replicates Аβ1-42 toxicity [25], [26], and, on 
the other hand, it is not involved directly in recovery mechanisms associated with Аβ1-42 [27]. 
After decapitation under diethyl ether, one hemisphere was fixed in Carnow’s mixture 
(ethanol, chloroform, and acetic acid, at ratios of 6:3:1, respectively), whereas another one 
was put in 4% paraformaldehyde with PBS and then embedded in paraffin. The brain blocks 
were sectioned on Leica’s microtome (Germany), and prepared 7-μm slices were used for 
different (light, immunohistochemical and fluorescent) assessments. 
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2.4.1 Light microscopy 
 Characterization of the pyramidal neurons in СА1 and СА3 was performed on brain slices 
Nissl stained with cresyl violet (Sigma-Aldrich, St. Louis, USA) to mark intracellular RNA in 
both the endoplasmic reticulum, the nucleus and other intracellular structures containing 
nucleic acids that in turn allows the evaluation of changes in morphological organization of 
neurons [28]. From each animal, 25–30 brain slices were scanned and transferred through a 
digital camera to Axio Imager M1 optical microscope (Zeiss, Germany). Further analyses of 
200x50 µm (0.01 mm2) frames was performed with use of Image J1.44 software (USA) that 
allowed the separation of damaged from intact neurons. In this study, we accounted only 
morphologically intact neurons characterized by uniformly colored cytoplasm and 
nucleoplasm, sharpened plasmatic and nuclear membranes, and clearly defined nucleus and 
nucleolus.  
 
2.4.2 Immunohistochemical analysis 
 In our previous study, we have demonstrated close association between distributions of 
surviving cells and diffuse Aβ1-42 deposits in neurons [29]. In present study we evaluated the 
deposits on 12 rats (three animals from each group) aiming to use obtained evidence in 
peculiar supplemental analysis of the light microscopy results. The immunohistochemical 
analysis was performed accordingly to a standard technique [30]. To enhance sensitivity to 
Аβ the brain slices were treated with 70% formic acid for 4 min, whereas to block the 
endogenous peroxidase activity, they were incubated in 0.5% H2O2/ethanol mixture, and 5% 
normal goat serum was used to block unspecific binding. The sections were further incubated 
with primary antibodies: rabbit polyclonal anti-Aβ1-40 (1:400, Sigma) at a temperature of +4◦C 
for 15 h. The antibodies were recognized by anti-rabbit IgG (1:800, Sigma) and identified by 
StreptABComplex/HRP (1:800, Sigma). The reaction was visualized with use of 3,3’-
diaminobenzidine. For control sections, the primary antibodies were replaced with PBS. (For 
more details, see [17]). 
 
2.4.3 Fluorescent microscopy 
 Fluoro-Jade B (Millipore) staining [31], in its modified version, was performed to 
characterize irreversibility of neuronal degeneration with aim to use obtained evidence in 
peculiar supplemental analysis of the light microscopy results. Dehydrated slices were 
immediately transferred to 0.06% solution of potassium permanganate, where they were kept 
for 30 min at RT and then stained by freshly prepared 0.0001% solution of Fluoro-Jade B in 
0.1% acetic acid for 25 min. After final preparation (washing in distilled water, drying, clearing 
in xylene, and covering by glass slides), the slices were examined with use of DM 6000 
fluorescent microscope (Leica). 
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2.5. Statistics 
 The results of the Morris test were analyzed using the two-way repeated measures 
ANOVA and non-parametric Mann-Whitney U-test, with preliminarily performed Shapiro-Wilks 
test and Greenhouse-Geisser correction, followed by Bonferroni post hoc analysis for multiple 
comparisons. The immunohistochemical and morphometric data were analyzed by non-
parametric Mann-Whitney U-test with Bonferroni correction. The group data were expressed 
as the means ± SEM; differences were considered significant at p < 0.05. The statistical 
analyses were performed using STATISTICA (data analysis software system), version 10 
(StatSoft, Inc., Tulsa, OK, USA). 
 
3. Results 
 
3.1 Learning and memory 
 In the first trial of initial learning session I on Day 14, latencies of finding the submerged 
platform were variable between different groups; nevertheless, the variability did not reach 
significant values (Fig. 1, A, B). In the second trial, the rats intrahippocampally injected with 
saline showed significantly shorter latency compared with animals from other groups. 
Furthermore, despite obvious trial-by-trial trends in these groups, only rats treated with 
C60HyFn reached the platform sufficiently quickly in the 4th trial. Therefore, the first session 
(Fig. 1, A, B, 1 - 4 trials) was extended by additional four trials on Day 21 (Fig. 1, A, B, 5 - 8 
trials) that finally minimized the latencies in all groups, making them comparable in the end of 
the session. Despite all rats learned to perform the task, their progression profiles were 
evidently different in animals from Saline + Аβ25-35 group vs. those from groups of Saline + 
Saline, Saline + Aβ35-25, and C60HyFn + Аβ25-35 (Fig. 1, A, B), that was confirmed by 2-way 
ANOVA (F1,136 = 81.3, p < 0.001, F1,144 = 18.9, p < 0.01, and F1,184 = 69.3, p < 0.001, 
respectively). The latter highlights the beneficial effect of the fullerene on Аβ25-35-induced 
disturbances in learning. Nevertheless, the traces of these disturbances (slightly increased 
latencies) were observed in other sessions (Fig. 1, B). The inhibitory effect of Аβ25-35 on 
learning was robustly expressed in rats from Saline + Аβ25-35 group in all training trials vs. 
those in animals from Saline + Saline, Saline + Aβ35-25, or C60HyFn + Аβ25-35 groups (2-way 
ANOVA: F1,68 = 84.2, F1,76 = 70.1, or F1,92 = 78.3, respectively, p < 0.001, for all groups). The 
elimination of the detrimental effect of Аβ25-35 on memory by C60HyFn was evidently shown on 
the plots of escape latencies averaged for each session (Fig. 1, C, D). The rats from C60HyFn 
+ Аβ25-35 group reached the platform significantly faster than those from Saline + Аβ25-35 
group (2-way ANOVA: F1,92 = 61.1, p < 0.001) while the latencies in C60HyFn + Аβ25-35 group 
vs. other groups were comparable (2-way ANOVA: F1,72 = 1.3 or F1,80 = 0.8, for Saline + 
Saline or Saline + Aβ35-, respectively, p < 0.05, for all groups). In the probe/testing sessions 
 
8 
performed 1 h and 48 hrs after the training ones (Fig. 1, E, F), significant differences between 
Saline + Аβ25-35 and Saline + Saline or Saline + Aβ35-25 (2-way ANOVA: F1,136 = 58.3 or F1,152 = 
47.5, respectively, p < 0.001, for all groups) were revealed. This detrimental effect of Аβ25-35 
was not observed in rats pretreated with C60HyFn + Аβ25-35 vs. Saline + Saline or Saline + 
Aβ35-25 (Fig. 1, F; 2-way ANOVA: F1,144 = 0.8 or F1,160 = 1.1 , respectively, p > 0.05, for all 
groups). Given inefficacy of Aβ35-25 treatment in behavioral tests, further morphological and 
histochemical study was performed on rats from groups of Saline + Saline, Saline + Аβ25-35, 
C60HyFn + Saline, and C60HyFn + Аβ25-35. 
 
3.2 Morphology of hippocampal neurons 
 The undamaged state of hippocampal neurons is crucial for learning/memory mechanisms 
functioning [32], [33]. In our study, the morphology of neurons from different areas of the 
hippocampus (Fig. 2) was analyzed after intrahippocampal injection of Aβ25-35 in rats that has 
been shown above to produce robust disturbances in their learning/memory abilities (Fig. 1). 
 On Day 14 after the injection, a vast of swelled and vacuolated neurons with indistinct and 
rupture cell and nuclear membranes, and subsequent loss of intracellular components, typical 
features of necrosis [34], were observed in CA1 (Fig. 3, A) and in CA3 (predominantly in 
CA3a) (Fig. 4), with expectable decreased population of morphologically intact neurons in 
these hippocampal areas (Fig. 5). DG suprapyramidal bundle was evidently damaged (Fig. 6, 
A). Pretreatment with fullerene С60HyFn, 2 h prior to Aβ25-35, largely prevented 
neurodegenerative changes in СА1 (Fig. 3, B) and in CA3 (not shown) that was statistically 
supported by evident increase of the intact cells populations (Fig. 5). DG suprapyramidal 
bundle was partially preserved as well (Fig. 6, C). 
 On Day 14 after intrahippocampal infusion of Аβ25-35, immunohistochemical analysis 
revealed diffuse Аβ1-42 deposits in the cytoplasm of CA1 pyramidal neurons (Fig. 7, A). 
Nevertheless, Fluoro-Jade B staining, identifying irreversible cell damage, demonstrated 
fluorescence in both CA1 (Fig. 7, B), DG (Fig. 8, A) and CA3 (Fig. 8, B). In DG, Fluoro-Jade 
B staining was captured by both glia and degenerated neurons, especially, in the supra- vs. 
infrapyramidal bundles (Fig. 8, A). It should be mentioned, however, that in both CA1 (Fig. 7, 
B) and CA3 (Fig. 8, B) the fluorescence was observed only around, rather than inside, the 
bodies of pyramidal neurons, supposedly, in glia. In contrast, no fluorescence was detected 
in rats from Saline + Saline and C60HyFn + Аβ25-35 groups with significant decrease of Аβ1-42 
deposits in neurons [29]. Thus, accumulation of endogenic Aβ in cytoplasm of СА1 neurons 
was accompanied by a decreased population of the intact neurons (see Fig. 5) but, 
surprisingly, by a lack of Fluoro-Jade B labeled (i.e., damaged) neurons (Fig. 7, B).  
 On Day 45, population of morphologically intact CA1 neurons in rats from Saline + Аβ25-35 
group was bigger than that on Day 14 (Fig. 9 vs. Fig. 5). This supports the suggestion that 
neurodegeneration in CA1 seems to be partially reversible. In contrast, population of 
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morphologically intact CA3 neurons in rats from this group was smaller than that observed on 
Day 14 (Fig. 9 vs. Fig. 5; Fig. 10, A). On Day 45 after C60HyFn + Aβ25-35 injection, populations 
of morphologically intact cells in СА1 and СА3 were kept at relatively high levels, comparable 
with those observed on Day 14 (Fig. 9 vs. Fig. 5; Fig. 10, B). Thus, in spite of different trends 
in evolution of morphologically normal cells populations in CA1 and CA3 in Saline + Аβ25-35 
group, the pretreatment with fullerene C60HyFn rescued these populations completely in CA1 
and partially in CA3 (Fig. 9 vs. Fig. 5). On Day 45 vs. Day 14, DG suprapyramidal bundle was 
restored in rats from both Saline + Аβ25-35 group, completely (Fig. 6, B vs. Fig 6, A), and 
C60HyFn + Aβ25-35 group, partially (Fig. 6, D vs. Fig. 6, C). 
 
4. Discussion 
 In our study, on days 14 and 45 after a single intrahippocampal injection of Aβ25-35 in rats, 
different types of memory (operative, episodic, and long-term) were impaired. Unaffected 
functioning of short-term memory only was observed exclusively on day 14. Since each of 
these types of memory is associated with complex interactions between multiple neuronal 
nets, it is difficult to isolate a role of individual brain structure which might be crucial for the 
memory impairment. Instead of individual structures supporting specific brain functions, it is 
more likely that neurons activated by a particular task are widely distributed across the brain. 
 In the present study, we correlate disturbances in memory of different types and 
morphological changes in hippocampal CA1, CA3, and dentate gyrus, which have been 
shown to be involved in organization of tri- and mono-synaptic pathways. The former, 
entorhinal cortex (EC)  dentate gyrus (DG)  CA3  CA1, seems to be associated with 
the storing of new events, whereas the latter, EC  CA1, is associated with previously fixed 
events [14], [35]. They both converge on single pyramidal cells of the CA1, but affecting them 
differently. Interestingly, in AD and in its "amyloid-beta" models, early degenerative changes 
were revealed in CA1 pyramidal neurons [14], [15], [17], [29], [36]. A primary target of Аβ is 
the EC which, being the main cortical input for the hippocampus, plays a considerable part in 
memory formation [3], [8], [14], [37]. In AD-associated neurodegeneration, EC is affected first, 
before evident disturbances in cognition and behavior [38]. The second layer of EC plays an 
important role in animal navigation and provides tri-synaptic afferent connection to DG and 
hippocampal CA3 and CA1 areas. In addition, medial EC is connected predominantly with the 
infra-pyramidal branch of DG, whereas lateral EC does the same with its supra-pyramidal 
branch [39], [40]. The third layer of EC is connected directly with CA1 through the mono-
synaptic pathway [41]. The tri-synaptic pathway is well known to be extremely sensitive to 
Аβ-induced disturbances at early stage of AD that is expressed both in dramatic loss of 
neurons in the second (vs. the third) layer of EC and in pathological modifications of the 
granular cells in DG, CA3, and CA1 [14]. 
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 We have shown that on day 14 after the Аβ injection the hippocampal neurons were 
damaged both in CA1 and, to a lesser extent, in CA3 (Fig. 5 and Fig. 9, respectively). Fluoro-
Jade B staining reveals both the glial cells and degenerating neurons in ischemia [42] and 
after single injection of a neurotoxin, kainate [19], [31], [43]. Thus, a lack of Fluoro-Jade B 
markers on CA1 neurons in our study might be associated either with a regenerative 
capability of the neurons or with co-localization of the markers and Аβ that produced a 
"masking" effect [44]. Indeed, a population of morphologically uninjured neurons was 
increased on day 45 after Aβ25-35 injection (Fig. 9); this may be associated with the 
reversibility of neurodegenerative processes. On the other hand, given Fluoro-Jade B 
specificity to stain both reactive astroglia and microglia in neurodegeneration [44] it is 
reasonable to expect that Aβ25-35 injection was able to initiate inflammation, typical for AD 
[45], [46]. 
 On day 14, the suprapyramidal bundle to DG, closely associated with separation of new 
and old information [40], completely disappeared (Fig. 6, A). In this respect, our data are in 
line with evidence about high sensitivity of this bundle (a projection of the lateral EC) to AD, 
especially at its early stages [47], [48]. In contrast, the infrapyramidal DG (a projection of the 
medial EC) was practically unaffected (Fig. 6, A), and this was accompanied by normal short-
term memory processing. On the other hand, the medial EC is well known to be unnecessary 
for many types of hippocampus-dependent memory; however, it is important for spatial 
memory [49]. It should be mentioned that the suprapyramidal bundle terminates in the distal 
area of CA3, in CA3a, whereas the infrapyramidal bundle terminates in the proximal area of 
CA3, in CA3c [39], [40]. Therefore, it can be expected that elimination of the suprapyramidal 
bundle results in deafferentation of СА3а, and, as a consequence, in more powerfully 
expressed degeneration of its neurons vs. those in СА3с (Fig. 4). 
 Thus, the neurodegeneration-causing factors (Аβ, in particular) initiate a primary (on day 
14, in our study) damage of the lateral part of the second layer of EC, the subpyramidal 
bundle of DG, degeneration predominantly CA3 neurons, and, finally, powerfully expressed 
degeneration of CA1 neurons. This is accompanied by disturbances in operative, episodic, 
and long-term types of memory without any influence on short-term memory (Fig. 1, E, F). In 
rats, both operative, short- and long-term memories need normal functioning of several limbic 
system components: the hippocampus, DG, and EC [50]. In contrast to long-term memory, 
the mechanism of consolidation, associated with the hippocampus [51], is not involved in 
short-term memory [52], which explains its insensitivity to Аβ, observed in our study. 
Functional disturbances in neuronal circuits are associated with different pathological causes 
(loss of neurons, synapses, and connections between them); they may be expressed in LTP 
inhibition. These effects are typical for chronic treatment with pathogenic factors and/or 
neurodegenerative diseases [53]. In the prolonged time interval (day 45) after the Аβ25-35 
injection, there was both (partial) recovery of CA1 neurons and of the suprapyramidal bundle 
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of DG and, paradoxically, a decrease of morphologically normal neuron population in CA3 
(Fig. 9 and Fig. 10, A). In parallel, significant disturbances in all analyzed types of memory 
were observed (Fig. 1, E, F). These evoke the question about relative role of DG and CA3 
neurons in memory recovery in prolonged interval after Аβ injection. Freshly generated 
granular cells have been shown to play an extremely important role in the neuronal circuits 
associated with spatial memory [54]. Furthermore, inhibition of granular cell neurogenesis 
has been shown to affect negatively learning and memory in rats [33]. Interestingly, granular 
cells maturation in the DG of dorsal hippocampus takes a relatively long time (30 days) [55]. 
Thus, it is reasonable to hypothesize that the disturbances of neurogenesis revealed in our 
study are caused by Аβ-induced elimination of the network connections between EC and new 
granular cells and by failure of their recovery [14], [56] that is especially critical for functioning 
of CA3 neurons and, in turn, of memory mechanisms. In both transgenic mice and AD 
patients, synaptic disturbances have been shown to be the main source of cognitive 
dysfunctions, such as Аβ-induced inhibition of LTP and induction of long-lasting depression, 
both closely associated with memory loss [14], [41]. Bearing in mind that inhibition of synaptic 
plasticity is negatively correlated with the ability to process new information [57], and that the 
tri-synaptic pathway is supposedly involved in its storage, a synaptic pathology might be a 
reasonable cause of memory weakening [14], [35]. The prolonged Аβ effect seems to be 
associated with involvement of the tri-synaptic pathway, firstly targeting CA3 neurons and 
then, through the Schaffer collaterals, CA1 neurons. 
 The neuroprotective role of fullerene С60HyFn, revealed in our study, was expressed in 
prevention of both memory impairment and neuronal damage produced by intrahippocampal 
Аβ25-35 injection. This protective effect was observed both at early stage (day 14) of Аβ25-35- 
induced neurotoxicity and much later, on day 45. Fullerenes are well known to be 
characterized by their powerfully expressed antioxidant and antiamyloid activities [10], [11], 
[58], [59], [60]. Recently, we have shown that intrahippocampal injection of C60HyFn was able 
to protect both the mechanisms of peptide synthesis and amyloid accumulation, and CA1 
neurons in rats from neurotoxic effects of the intracerebral injection of Аβ25-35 [17]. 
Furthermore, fullerenes used at low dose have been shown to increase the survival rate of 
hippocampal neurons [61], and С60HyFn, injected at low dose into the hippocampus, 
significantly improved both LTP and spatial memory in rats [12], usually accompanied by an 
increased ratio of postsynaptic AMPA and NMDA receptors. AMPA receptors have been 
shown to be involved in potentiation of activation of both alpha-secretase and non-amyloidal 
path of an amyloid precursor (APP) cleavage, i.e., without formation and accumulation of 
extremely toxic Аβ1-42 [62]. In our previous study, we have revealed С60HyFn-produced 
inhibition of intracellular Аβ1-42 deposit formation associated with exogenous fibrillar Аβ25-35 
[29] and, supposedly, with its endogenous fullerene-disaggregated form [11]. С60HyFn ability 
to block both intracellular Аβ1-42 generation and the extracellular glutamate receptors activity 
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[63] reducing Ca2+ inflow, one of the main sources of Аβ25-35 neurotoxicity [64]). These 
mechanisms are expected to "intercept" the development of the Аβ25-35-associated effects 
and, in that way, protecting the network connections between different hippocampal areas, 
survival rate of their neurons, and, finally, memory functioning. The paradoxical discrepancy 
between inhibitory effect of С60HyFn on neurogenesis of granular cells in DG (Fig. 6, D) and a 
lack of changes in memory (Fig. 1, E, F) needs to be analyzed in further studies. This might 
be associated with a cytotoxic effect of С60HyFn [65] on DG, the brain region characterized 
by powerfully expressed neurogenesis in adulthood [55], and/or with DG suprapyramidal 
bundle involvement in particular types of hippocampus-dependent learning/memory 
mechanisms [57]. 
 
5. Conclusions 
 Learning/memory mechanisms are well known to be dependent on the functional 
relationships between the cortex and multiple areas of the hippocampus. We have shown 
that memory disturbances evoked by experimental degeneration in the brain are 
predominantly associated with one of hippocampal areas, CA3. Furthermore, we have 
demonstrated that some of nano-compounds (in particular, hydrated fullerenes) are able to 
fight against the neurodegeneration, thus supporting the memory mechanisms. Finally, the 
morpho-functional approach used in our study and obtained data allow the understanding of 
pathophysiological mechanisms of brain structural and functional connectivity disruption in 
AD progression revealed in MRI studies [66], [67]. 
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Figure legends 
 
Figure 1. Trial-by-trial learning progression (A, B) and memory evaluation (C - F) in rats on 
different days after intrahippocampal injections of saline, Аβ35-25, Аβ25-35, and С60HyFn in 
combinations of Saline + Saline vs. Saline + Аβ35-25 and С60HyFn + Аβ25-35 vs. Saline + Аβ25-
35. Session I is a composite of the experiments performed on Days 14 and 21 (1 - 4 and 5 - 8 
trials, respectively) with the hidden platform invariably located in one of the pool's quadrants. 
In sessions of II, III, and IV (on Days 28, 35, and 42, respectively) the rats experienced a 
reversal learning of 4 trials with the hidden platform in another quadrant, individually for each 
rat across the days. Abscissa enumerates the training trials (A, B), the learning sessions (C, 
D), and testing intervals (in hours) after the session (E, F); ordinate is time needed to reach 
the platform (A - D) and time spending in target quadrant (E, F), both in seconds. Horizontal 
dashed lines on E and F denote time values randomly distributed between all (four) pool's 
quadrants. Diamond denotes significant difference between groups of rats in corresponding 
session (p < 0.05, Wilcoxon test). Error bars show 1 SEM.  
 
Figure 2. Microphotograph of a coronal brain section of a naïve rat at the level of dorsal 
hippocampus stained with cresyl violet. "Supra" and "infra" denote supra- and infra-pyramidal 
blades of the dentate gyrus (DG); CA1, CA3, and CA4 denote areas of the hippocampus. 
Scale bar is 500 µm. 
 
Figure 3. Microphotographs of dorsal hippocampus (area CA1) sections stained with cresyl 
violet in two rats from different groups on Day 14 after intrahippocampal infusion of Saline + 
Aβ25-35 (A) and C60HyFn + Aβ25-35 (B). Arrowheads on A indicate representative swelled and 
vacuolated cells with indistinct and ruptured cellular and nuclear membranes. Pretreatment 
with fullerene С60HyFn, 2 h prior to Aβ25-35, partially prevented these pathological effects of 
Aβ25-35 on CA1 cells. Arrowheads on B indicate three representative cells within other 
morphologically intact neurons characterized by uniformly colored cytoplasm and distinct 
nucleolus and membranes. Scale bars are 40 µm. 
 
Figure 4. Microphotographs of dorsal hippocampus (area CA3) sections stained with cresyl 
violet in the rat after intrahippocampal infusion of Saline + Aβ25-35 on Day 14. On В, the boxed 
area from A is shown at higher magnification. Note the pathological changes in neurons 
similar to those observed in CA1 (see Fig. 4A) and typical lyzing effect on cells (arrowheads 
on B). Scale bars are 50 µm on A and 20 µm on B. 
 
Figure 5. Populations of morphologically intact  neurons in CA1 and CA3 areas of the 
hippocampus of rats on Day 14 after intrahippocampal injections with Saline + Saline, Saline 
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+ Аβ25-35, С60HyFn + Аβ25-35 or С60HyFn + Saline (white, black, gray or shaded bars, 
respectively). Stars denote significant differences between Saline + Аβ25-35 and other groups 
(with exception of CA 3 in rats from in С60HyFn + Аβ25-35 group), ** - p < 0.01, *** - p < 0.001, 
Wilcoxon test. + denotes significant (p < 0.05) difference between CA3 of rats from Saline + 
Saline and С60HyFn + Аβ25-35 groups 
 
Figure 6. Microphotographs of dentate gyrus sections stained with cresyl violet in four rats 
from different groups on Day 14 (A, C) and Day 45 (B, D) after intrahippocampal infusion of 
Saline + Aβ25-35 (A, B) and C60HyFn + Aβ25-35 (C, D). "Supra" and "infra" denote supra- and 
infra-pyramidal blades of the dentate gyrus (DG); CA1 and CA4 denote areas of the 
hippocampus. On Day 14, note significant damage of DG supramedial bundle induced by 
Aβ25-35 (A) and partial preservation of the bundle by the fullerene (C). On Day 45, the DG 
suprapyramidal bundle was completely restored after Aβ25-35 injection (B), while after 
C60HyFn pretreatment, the bundle was partially restored (D). Scale bars are 500 µm.  
 
Figure 7. Microphotographs of brain sections from the rat intrahippocampally infused with 
Saline + Aβ25-35 (Day 14) and stained by either antibodies against Aβ1-42 (A) or Fluoro-Jade B 
(B). Note Aβ1-42 accumulation in cytoplasm of СА1 neurons (аrrowheads on A) and Fluoro-
Jade B fluorescence around the "black holes" shown by arrowheads on B, supposedly, in glia 
(triangles). Scale bars are 50 µm. 
 
Figure 8. Microphotographs of dentate gyrus (A) and hippocampal CA3 (В) sections stained 
with Fluoro-Jade B in the rat from Saline + Аβ25-35 group on Day 14. Supra" and "infra" denote 
supra- and infrapyramidal blades of the dentate gyrus (DG); CA3 denote areas of the 
hippocampus. In DG, Fluoro-Jade B was captured by both glia and degenerated neurons, 
especially, in the supra- vs. infrapyramidal bundles (arrowheads on A) Note that in CA3, the 
fluorescence was observed around, rather than inside, the bodies of pyramidal neurons 
("black holes" shown by arrowheads on B), supposedly, in glia (white triangles). Scale bars 
are 400 µm. 
 
Figure 9. Populations of morphologically intact neurons in CA1 and CA3 areas of the 
hippocampus of rats on Day 45 after intrahippocampal injections with Saline + Saline, Saline 
+ Аβ25-35, С60HyFn + Аβ25-35 or С60HyFn + Saline (white, black, gray or shaded bars, 
respectively). Stars denote significant differences between Saline + Аβ25-35 and other groups, 
** - p < 0.01, *** - p < 0.001, Wilcoxon test. + denotes significant (p < 0.05) difference 
between CA3 of rats from Saline + Saline and С60HyFn + Аβ25-35 groups. 
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Figure 10. Microphotographs of hippocampal CA3 (A, B) sections stained with cresyl violet in 
two rats from different groups on Day 45 after intrahippocampal infusion of Saline + Aβ25-35 
(A) and C60HyFn + Aβ25-35 (B). Arrowheads on A indicate representative swelled and 
vacuolated cells with indistinct and ruptured cellular and nuclear membranes. Pretreatment 
with fullerene С60HyFn, 2 h prior to Aβ25-35, partially prevented these pathological effects of 
Aβ25-35 on CA3 cells. Arrowheads on B indicate the cells within a large amount of 
morphologically intact neurons with uniformly colored cytoplasm and distinct nucleolus and 
membranes. Scale bars are 20 µm.  
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